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Abstract: We study the cosmological perturbations created during the New Higgs infla- 
tionary phase. In the New Higgs Inflation, the Higgs boson is kinetically coupled to the 
Einstein tensor and only three perturbative degrees of freedom, a scalar and two tensorial 
(gravitational waves), propagate during Inflation. Scalar perturbations are found to match 
the latest WMAP-7yrs data within Standard Model Higgs parameters. Primordial grav- 
itational waves also, although propagating with superluminal speed, are consistent with 
present data. Finally, we estimate the values of the parameter of the New Higgs Inflation 
in relation to the Higgs mass, the spectral index and amplitude of the primordial scalar 
perturbations showing that the unitarity bound of the theory is not violated. 
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1. Introduction 

The latest cosmological data jT] agree impressively well with the assumption that our 
Universe is, at large scales, homogeneous, isotropic and spatially flat, i.e., that it is well 
described by a Friedmann-Robertson- Walker (FRW) spatially flat geometry. This obser- 
vation is however a theoretical puzzle. A flat FRW Universe is in fact an extremely fine 
tuned solution of Einstein equations . In the last twenty years or so many attempts have 
been put forward to solve this puzzle (see for example Q). However, the most developed 
and yet simple idea still remains Inflation Inflation solves homogeneity, isotropy and 
flatness problems in one go just by postulating a rapid expansion of the early time Universe 
post Big Bang. 

A phenomenological way to achieve Inflation has been pioneered by considering a "slow 
rolling" scalar field Q with canonical or even non-canonical kinetic term [^] and lately by 
non-minimally coupled p- forms ^. Nevertheless, a fundamental realization of Inflation 
is still eluding us. 

The most economical and yet fundamental candidate for the Inflaton is the Standard 
Model Higgs boson. Unfortunately though, the Standard Model parameters are such that 
no "slow rolling" Inflation is possible with the Higgs boson, if minimally coupled to gravity 
Q. However, it has been shown in j^, that a non-minimal coupling of the Higgs kinetic 
term with the Einstein tensor reproduces a successful Inflation without the drawbacks of 
earlier attempts [10| ^. 



^The inconsistency of the theory is yet under debate [^. The arguments of seems to lead to 
the conclusion that the model of [ [L0[ v iolates the unitarity bound during Inflation. However, the cut-off of 
the effective theory of found in |l2|] is too strong, as based on calculations about the wrong background 
(Minkowski). If instead the Inflationary background is used, the cut-off of the theory is barely not exceeded 
(see also jTsj). Nevertheless, one should check whether UV corrections to the theory will not spoil the 
perturbation spectrum of the theory , i. e. its predictability. 
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In this paper we will consider the primordial, scalar and tensorial, perturbations of 
the New Higgs Inflation of Q and show that the New Higgs Inflation is compatible with 
observations. 



2. New Higgs Inflation 

The tree-level action of the New Higgs Inflation is 



S 



(fx. 



-g 



R 

2^ 



5 



(2.1) 



where R is the Ricci scalar, G^^ = R^^ — ^g^^ the Einstein tensor, k the gravitational 
coupling, w an inverse mass parameter, Ti the Higgs boson doublet, 2?^ the covariant 
derivative with respect to SU{2) x U{1) and finally v is the vev of the Higgs in the broken 
phase of the Standard Model. In the spirit of chaotic Inflation we will assume that 
during Inflation no interactions with gauge fields are turned on. With these assumptions 
we can work with the simpler action 

A 



S 



(2.2) 



where the Higgs has been rotated as T-L^ = (0, ■^^^), and the real scalar <I> is assumed to 
be much grater than v during Inflation. We will show later on that this assumption is 
consistent. 

To study a FRW solution of this system, we can directly insert into the action the 
following metric ansatz 



-N{tfdt^ + a{tf6ijdx'dx^ , 



obtaining 



dta-^ 



1$2 



' K?N ^ 2N ^ 2 iV3 



(2.3) 



(2.4) 



where H = d/a and (') = d/dt. 

The only independent gravity equation, with FRW symmetries, is then recovered by 
considering the Hamiltonian constraint obtained by varying the action (2^) with respect 
to the lapse and then setting it to 1 by time reparameterization invariance |14]. The 
field equation for $ corresponds instead to the variation of (2.4) with respect to 

The Hamiltonian constraint and field equation are 

,2 



6 



^2 {l + <dH'^w'^) 



dt 



2 



We will ask the solution to obey the following inequalities 



6W 2 



H 



« 1 , 



(2.5) 



(2.6) 
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where the last two are the usual slow roll conditions. Of course (|2.q ) must be cross checked 
afterwords. 

With Q we find 

- ^A4>^ , (2.7) 

and 

$ + 3i?6 = -4/(^2^2$) . (2.8) 
By considering the extra slow roll condition 

I^E-I < 3i?|6| , (2.9) 

we finally get 

4 

$ ~ (2 10) 

The quantum gravity constraint R ~ 12H^ <^ 1/{2k?) implies 



We now need to cross check the various constraints (2. £.21^). As A < 1, we have the 
stronger constraint 

> 2,2/{w'^K^X) , (2.12) 

Combining this with ( 2.11| ), we have 

w/k > 10 X X^/^ . (2.13) 

3. Cosmological Perturbations 



Following [15 1 we will study the fluctuations around the slow-roll inflationary solution in 



the ADM formalism ||T^. In this formalism a general metric can be decomposed as 

ds'^ = -N^dt^ + hij {dx' - N'dt) {dx^ - Wdt) , (3.1) 

and all geometrical quantities are described by defining a spatial covariant derivative Di a 
three-dimensional curvature ^^^i? (both constructed on /i*-' ) and finally the extrinsic curva- 
ture Kij = ^ [hij - D,Nj - DjNi^ . 

In Q it has been proved that the theory ( \2.2\ ) only propagates three degrees of freedom. 
Two of those come from gravity and one from the scalar, as it happens for minimally coupled 
gravity to a scalar field. Moreover, since a scalar field in a FRW background is rotational 
invariant, the decoupling of scalar perturbations with tensorial is granted O]. 
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The action (^]^) is invariant under the diffeomorphisms group, as a result of reparametriza- 

mpose the gauge |15] 

d'lij =l\ = 0, (3.2) 



tion invariance. To simphfy the calculations we can then impose the gauge |15] 



5$ = , hij = a{ty (1 + 2C)5ij + 



where C parametrizes the scalar perturbations and jij the gravitational waves. 
The expanded second order action coming from ( p.2[) is then 



2^2 



'2k^V ,(3.3) 



where V = A^>^/4 is the scalar potential. 

The Hamiltonian (variation with respect to A^) and momentum (variations with respect 
to N^) constraints are found to be 



(1 



1(;2k2<|)2 

2A^2 



(3.4) 



(1 



'''^'^^R - (1 - '^){K,K^^ -K^)-^^- 2.V = 



Ar2 



(3.5) 



2Af2 

3.1 Scalar Perturbations 

Considering a perturbative solution of the form = 1 + A^i and A^* = ditp + A'^, we find, 
by using (|0) and (^), 



A^i 



H 



2 -3^1-2^262 a'^H 



+ X, d\ 



.^l±^tL V,yV} = 0,(3.6) 



2 - 3u;2k2$2 i/2 



We may now use ( p.6[ ) into the action (^) and expand it up to second order in C,. The 
result is 



5, = ^/d3x.Je^-C(i + |) 



1 + 



^1)2^2(1)2 



2(1 + 



L\2 
H> - 



+ e' 



3{p+C). 



1 + ^ 



- 2Ti;2K2(9C)'9t 



-6(F + C)' 1 



^>2 2-'u;2k2$2 

2 - 3u'2k262' 



2(1 + 4)2 



[-4a2C - 2{dCf] - 2K^Ve^^P+^'^] + 

(3.7) 



+ ft;2$2 



+ 4.2,V(PK)1 + 9.^^.^^C-' 

2-3i/;2^2$2 //2'' 



where, following [jlSj, we redefined a{t) = e^^^^ so that H = p. 

Using the background equations ( |2.5D together with the conditions w'^k'^ ^2 < 1 (Eq. 
(|2.6|)) and nP'H'^ ^> 1, we obtain the following quadratic action in C 



5, 



d-'xdt { 3'u;2k262 



e3^(l + 6«;2^2^2)^2 _ gP(-L _ H^2^24,2)(g^)2 

3 



(3.8) 
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In order to quantize the system, we need to canonically normalize the kinetic term. Con- 
sidering that, during slow roll, corrections proportional to <I> are sub-leading, we can define 
the canonically normalized variable 



(3.9) 



Then, the quadratic action may be written as 



where the sound speed of the scalar perturbations is 



< ct 



3- 13u;2k2$2 
3-M8u'2k2$2 



< 1 . 



(3.10) 



(3.11) 



The power spectrum of scalar perturbations is defined as the two point correlation function 
of C at the horizon crossing Cgk = aH, where k is the Fourier mode in the action ( p. 10] ) or, 
more precisely. 



(CkCk 



Csk=aH k"^ 



where 



c 



(27r)3/2 



Ck(t)e 



ikx 



47r2 12u;2k2^.2^ 2 



19 2,2^2> 



aH=c^k 



Defining the slow-roll parameters 



H 3 2 2 i2 



9 2 2^2 

--K w = — e 
4 2 



where (p77,2.10) has been used, we finally find that 



Vs 



47r2 8e ' 



to leading order in e. 

The spectral index of scalar perturbation is given by 



d\nVs dlnH dine 
ns-l= , = 2- 



dln A; 



d In A; d In A; 



By using (|3.15| ) we find 



(3.12) 



(3.13) 



By standard canonical quantization of the perturbation C during inflation , one can then 
easily find 



(3.14) 



(3.15) 



(3.16) 



(3.17) 



ns = l- 2e + 2r]H = 1 - 5e . 



(3.18) 
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The running of the spectral index can also be specified to be 

dns 



a 



d\nk 



(3.19) 



where the definitions ( |3.15| ) have been used. Taking for ns the maximum likelihood value 
as specified by the 7-years WMAP observations of the Cosmic Microwave Background 
Radiation (CMBR) M, i.e. ns = 0.969, we get 



e = 0.0062 



(3.20) 



3.2 Gravitational Waves 



Let us now consider tensor perturbations for the action (|2.2| ). In the ADM formalism, a 
convenient gauge to analyze tensor perturbations is 







(3.21) 



After inserting this into the action ( p. 21 ) and keeping only quadratic terms in 7jj, we get 
the quadratic action for gravitational waves 



Sg = J (fxdt^ 



(1 _ iu,2^2^2) ^3 ^^^^^^ ^w^K^^^) a {^kl^Jf 



(3.22) 



We can now canonically normalize the graviton as 



1 - \w'^K^^'^ 



lij 



(3.23) 



as no ghosts are propagated thanks to ^w^k?^"^ <^ 1. In the new variable we have 



S, 



9 



where we defined the sound speed 



(3.24) 



(3.25) 



Gravitational waves then propagate with superluminal velocity during Inflation. 
Tensor perturbation may be expanded in Fourier modes 



d^k 

(2^)3/2 



7k(t)eij(k)e 



ikx 



(3.26) 



where ejj(k) is the polarization tensor. The power spectrum of gravitational waves is then 
defined as H 



(7k7k' 



97r2 



(3.27) 



-6- 



where the correlator is easily found by canonically quantizing the action ( 3.24| )- Explicitly 
we have 



where 



Vt 



1 ^ 2 2^2 
1 W K 5> 



(3.28) 



(3.29) 



To leading order in w'^k^^'^, we have 17 ~ 1 , Cg ~ 1. Therefore, the spectrum of 
gravitational waves for the New Higgs Inflation is approximately the same of the chaotic 
inflationary one. 

We can finally define the tensor-to-scalar ratio r = Vt/Vs- To leading order in slow 
roll we have 



8e. 



(3.30) 



4. Extracting the Parameters 

Scalar perturbations in the CMBR are very accurately measures by The measured 
Power spectrum has an amplitude 

Ps = 2.38 X 10^^ , (4.1) 

at the pivot scale k = 0.002 Mpc~^. With this data and the value of e ( p.2C| ), we are now 
able to fix the parameters of the New Higgs inflationary theory (2.2). 

The first information one could obtain from the measure ( |4.1D , by using ( |3l^ ), is that 
the curvature value during Inflation is 



R ~ 12H^ ~ 5.6 X lO-'^M^ , 



P , (4.2) 
K-^ = 2.4 X 10^^ GeV. It is then clear that 



where we used the reduced Planck mass Mp 
the curvature during inflation is much below the Planck scales. We now need to fulfill the 
inequality ( 2.13| ). 



The Higgs value during Inflation (<I>o) may be read by using (2/7,4^) to be 

^>o = 0.0154 X"^/^ M„ 



(4.3) 



Using also the ( 3.15| ), and ( [4. 21 ) together with the value ( p. 20 ), we obtain the value of the 
dimensionfull parameter w to be 



w 



5.08 X IQ-^X-'^/^ Mr, = 3.3 x 10"^ «>n 



(4.4) 



Clearly this value of w satisfies the requirement ( ^.13 ) for A S> 10~^^! 

Although the exact value of A is not known during infiation, one may use the values 
of A at electroweak scale, which, by direct Higgs boson searches as well as from global fit 
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to electroweak precision data, is restricted to be in the range 0.11 < A < 0.27 |16]. This 
gives values for $0 and w in the range 

2.1 X 10^^ Mp < $0 < 2.7 X 10"^ Mp , 

7 X 10"^ Mp < w'^ < 8.8 X 10"^ Mp , (4.5) 

showing that the approximation $0 ^ is consistent. 

Due to the running of A, these values should not however be taken as precise measures. 
Nevertheless, we expect the orders of magnitude in ( [4.5D to still work during the inflationary 
scales. In fact, if for example we consider the running of A in a Minkowskian background 
17] at the inflationary scale ~ 10^'^GeV, we find that ([4. 51) will only change by a numerical 



factor of order 1. To be more precise, let us consider the lower value A/ ~ 0.186 at 



electroweak scale, which saturates the stability bound |17]. This runs to the value A/ ~ 
0.019 at (lO^^GeV) and would correct the magnitude of $0 a-nd w by just a factor of 2. As 
a result, we may safely conclude that <I>o ~ lO^^GeV and w^^ ~ 10^ — 10^'^GeV. 

Finally we can calculate the number of e- foldings of Inflation. By definition, the number 
of e-foldings N of Inflation is (H 

N = dtH = / . (4.6) 

Considering that $(t/) <C <I*(ii) we finally have 

iV ~ ^ ~ 54 , (4.7) 



where (|33o| ) and has been used. Note that 54 e-foldings are enough to solve the 



cosmological problems Q. 

Vice-versa, one could impose the number of e-foldings N in relation to a particular 
re-heating temperature of the Universe and predict the spectral index to be 

= (4.8) 

For example for = 60 we would have ng = 0.972, which is within the errors of the 
present data ffl. 



5. Conclusions 



In the New Higgs Inflation the inflationary phase of the early Universe is triggered by the 
Standard Model Higgs boson, whose kinetic term is non-minimally coupled to the Einstein 
tensor. As shown in Q, this non-minimal coupling allows a primordial inflating background 
of the Universe within the Standard Model Higgs self coupling value. Without this non- 
minimal coupling, the quantum gravity bound would require the Higgs self-coupling A 
to be orders of magnitude lower than its collider experimental lower bound |^. Whereas, 
other previous attempts to non-minimally couple the Higgs to gravity in order to reproduce 



-8- 



successful inflation (see ||T^ ) , seems to fail due to a Higgs strong coupling to gravity during 
Inflation 

The non-minimal coupling introduced in |^] propagates, in an inflating background, 
only three degrees of freedom: a scalar degree of freedom associated to the Higgs boson 
and two degrees of freedom associated to the primordial gravitational waves. 

In this paper we therefore studied primordial scalar and tensorial perturbations pro- 
duced during the inflationary phase driven by the New Higgs Inflaton. We found that the 
observed CMBR spectrum of scalar perturbations, as measured during the flrst 7 years 
of WMAP is compatible with the New Higgs Inflation. Tensor perturbations instead, 
although being compatible with experimental data, propagate at superluminal speed and 
the ratio of scalar-to-tensor perturbations is suppressed by the slow-roll parameter e. 

Finally, by matching the predictions of our model with observations we estimated the 
value of the dimensionfull parameter w coupling the kinetic term of the Higgs to gravity. 
We found that its value is around the geometric mean of Electroweak and Planck scale. 
Related to that, we calculated the curvature during the New Higgs Inflation and showed 
that, in compatibility with the semiclassical approximation for gravity, it is well below the 
Planck scales. 
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